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(54) Thick products made 01 heat-treatablealumlnumalloy with imprcyved toughness and pioce&a 
for manufacturing these products 



(57) The object of the invention I3 a rolled, forged or 
extnjded aluminum alloy product more than 12 mm 
thick, heal treated lay solutionlzJng. quenching and artir 
f icial aging, with a mlcrostructure chamcterlzed by the 
following parametere: 

the fraction of recrystatiized graine meaaured be- 
tween one-quarter thickness and mid-thickness of 



the final wrought product is arnalier than 35% by vol- 
ume: 

the oharaoterietlo Intorcept distance between re- 
crystallized areas is greater than 250 ixm. preferably 
greater than 300 iim and most preferably greater 
than 350 pm. 
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Dfiserlfitiofr 

Field of the Invention 



[O0O11 The Invention relates to heat-treatoble aluminum alloy productB in the 2000, 4000, 6000 or 7000 series ac- 
cording to the Aluminum Association designation system, of thickness greater than 12 mm, and a process for manu- 
factunng these products by casting, hot transfontiallon, solution heat troatlng. quenching and aging. These products 
may be plates or roiled plates, forged blocks or extruded sections. For products that have a shape other than a paral- 
ialep^ed shape, the thickness of the product means the maximum quenching thickness, in other words the maximum 
value for all points within the pmduct of twice the distance to be passed through perpendicular to the nearest surface 
m contact with the quenching medium. 



Deseriptton of the Related Art 

w t0002j Aluminum alloy products in the 2000 or 7000 series are used particularly for aeronautical constmctkin. and 
s"uch\s^ W"cailons require a set of propeities that are sometimes mutuaUy contradictory, 



ss 



■ a high mechanical strength in order to limit the weight of the manufactured part. 

- sufficient toughness to provide adequate residual strength of a damaged structure, 

. good resistance to fatigue (crack propagation rate of prs-cracked spedmens, and'tlmi? to failure of notched and 
unnotched specimens) caused by vibrations and alternating straases coming from succaseive takeoffs and land- 
ings, 

- sufficient rocistance to tho differont types of corrosion, and partksularly stress corrosion and exfoliation corrosion. 

V^^^l'P'^'^^'^*'' essential that an irpprovement In one property does not take place to the detriment of the other 
properties. For example. It is we« known that the toughness of rolled products made of a given 2000 or 70OO allov in 
genaml reduces when the yield strength Increases. ^ 
[OQ04] Much work has been done to improve the stfength-toughnesfi balance of 7000 and 2000 alloys both on the 
chemical composition of the alloy, and on Its mJcrostructure or its manufacturing procedure For several decades the 
emphasis has been placed on controlling the nunnber, type and morphology of the various intermetallfc phases'that 
fomi during casting or during mechanical and heat treatments. ermBianc pnases mat 

rooosi The ait(cie by J.T STALEY "Mwrostructure and Toughness of Hlgh^ngth Aluminum Alloys- oubiished In 
"Propertiesrelatedto Fracture ^ Publication 6^. lerS^pp 7^.^ HsteSJ poi^ 

™siS?n2i7^^^^^^ Of aluminum alloys. This infomiation has guided agLi deal of sub^^^^^^^^ 

^T^f'A T ? f^'^L".^ composition, research has been carried out on major addrtive Olernents 

(Zn, IWg, Cu) and on minor additives or impurities (Fe and Si in particular). 

PSS? nf^^L""^ P^tenl^3.762,91 6 to Olln Corp. recommends the addition of 0.05 to 0.4% of ^irtonium and 0,005 to 
0^% of borcn, in order to irnprove the toughness of forged parts made of 7000 alloy. It states that high contents of 
titanium shouW be avoided, since they lead to intem«talllc phases that reduce the toughness. The single SarJS S 
a high content of titanium given in the patent Is 0.48% » . 1 ^ingie enampie pt 

^l^TSl^^n^^ 5L;:S^^!"^'^'^ ^ '"^^^^"^^ ^'^^^'^ ^'9^ Aluminum Alloys, 

loi 'Z^ ^T?. Precipitate Mlcrostructure and Mechanical Properties In Aluminum AIIoy8\ December 

1974, prepared for he Afr Force Materials Laboratory, studies the Influence of the microstructure on the tough^^^ 
and resistance tofatlgue of 7075 alloy. It states that the dominant factor is the grain size of the tmnrfor^ied anS^^ 
product, and tor sheet {1 .6 mm thtek) In the largely recrystalllzed state, the cr?ifeal stnLt intenX^^ 
a function of the Inverse of ihe square root of the grain ai^s ^ 
[OOOS] Patent BP 04781 22 by Alcoa states that for AfCul^ alloys, the fact of obtaining a large grain unacceptably 

^ "sage Pnjpertiw «.d parUoularfy the toughnsss, formability and r««stance to3<^ion. 
[ODOq TheiWore. the above eemments should guide the metallurgist towards a fine structure for the product and 

some features, and particular dimensional scale, of tho east structure after transf omiation and heat treaimont 
Summary of the Inverrtlon 

• '!ri!'^"' P""*"'*' ^^''^ ^" ^"'y ^'9f'«'y ^ecrystaltized microatructura a h)gh as-cast 

f^^^Ji^^^ ^ ^ »<» could tead to a specific mlcS;^utrre of 

transformed and heat treated product that has a beneficial effect on the toughness, with To .^SS tel wnji, or 
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fOOIir^TSe Se^ of the mvenlion Is a rolled, forged or extruded aluminum alloy product more than 12 mrn thtok. 
heat treated by soliitionizing, quenching and artificial aging, with a mterostructure characterized by the following pa- 
rameters: 

. the fraction of reciystallized g rains measured tJOtween one-quarter thickness and mid-thickneas of the final wrought 
product ie smaller than 35% by volume; #ko,» 

- the characteriatte Intercept distance between recrystallized areas is greater than 250 jim. preferably greater than 
300 urn an«* moat preferably greater than 350 iun. 

[0012] In a proferred embodiment of the invention, the alloy Is an AlZnMgCu alloy with the following composition (% 
by weight): 

Zn : 4-10 Mg : 1-4 Cu : 1-3.5 Cr < 0,3 Zr < 0.3 SI < 0.5 Fe < 0.6 
other elements < 0.05 each and < 0. 1 5 total, the remainder being aluminum, 

[0013] in another proferred embodiment iltanlum is maintained between 0.01% by weight and 0.03% by weight, and 
boron between 1 and lOng/g. 
so [0014] Another object Of the invemlon is a process for manufacturing aubh a product comprising: 

. casting the alloy in the form of a rolling, forging or extrusion Ingot, such that the as-cast grain size is kept between 
300 and 800 um, 

- homogonizatlon at a temperature greater than 430*C and preferentialiy greater than 450-C for nwro than 3 hours. 
33 and preferentially mors than 6 hours, or even more than 1 2 hours, 

• hot transformation at a controllsd tenYSorature to obtain a fraction of recrystallizad grains measured between the 
quarter and hatf thickness of less than 35% by volume, 

• solutionlzing at a tempenature betwaan 450«C and 480*C, 
quenching, 

30 • possibly stress relaxation by eontrolfad deformation (tension cr compression), 

- artificial aging. 

Brief Description of the Drawings 
OS [0015] 

Figure 1 showS: for AA7050 plates submitted to low and fast quenching according to Example 1 , the relation 
between the toughness and the as-cast grain size. 

40 Figure 2 is an illustiation of toughness improvements for the invention plates C and D described in Example 2 with 

respect to prkir art plates A and a 

Figure 3 is a graphical representation of the relationship between the fracture toughness and the average intercept 
distances as mentioned in Ibbie 5 of Example 3. 

Figure 4 Is a schematic Illustration of the approach used to quantify the characteristic intercept distance between 
recrystallt^ed zones Tor products according Examples 1 and 3. 

Figure 6 is a conpartson of microstruciures of product numbers 4 (prior art. mtorograph a) and 5 (Invention, mi- 
crograph b) from example 1. obtained from samples taken in L-ST plane, treated wHh chromfe etching, with a 
magniTication of x 26. The darker areas correspond to unrBcryatalllzed grains, the light areas to reorystaBlzed 
grains. 

Detailed DescriPtiQn of the invention 

[00iq The composition of m^r elements in the altoy may be the same as the composition of all alloys usually used 
in aeronautical construction. Iron and sHtoon are preferably kept below 0.15% to prevent the fomr)ation of intemietaliic 
compounds that reduce toughness. For AlZnMgCu alloys, zirconium is preferable to chromium or manganese as an 
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«nn.r»ciy5telllzlng agent ainc6 it is lase sensitive to quenching and is therefore better for touohnesa For thicker omd. 

ucts. the content must be at ieast 0.05% if it is to have any effect on recnrstalllzattoo anS^ 

or more proferaby leas than 0.13% 2r. in order to avoid sensitivity to casdog prebllms ' 

s SJ?„1«^^ concentrationa of titanium and boron in the alloy depend on the grain refining method employed In aeneral 
of soiidlfioatioii (e.g. TT^, TIC. particles) and by the use of an element restrtcting grain growth (e a Ti) if enTriB 
"^TL^JV^ "^"'"0 "'^ 9"'" **"''"9 ''^«"S' 'he most frequently ueS HTsB ^oy wiJi 2oiS6, oT? 

^ ^*J7 ^'^ °^ ^ ''^ G,«in refinement also depenS onThrn^uS the i2 

to t'^'^ " '"^ 7'!!^ ^'^^ P««^'a^'y Production scrap. leadJg t^an ^SrSLS tte c^Tter^ 

IlSSenrX-^O^^gtT 

C0018] "n>e grain is refined by the fomiadon of dispersed partides of TB, that act a«nii,.i««»=f«r,h n 
?J?"h? """^ ar-'o ««« during castiS ^"^^^^^ST^^'^t^"^^ 

relrtedtetheconiposltlonandthecontentofreflningagenllmroducedinto 

bed. but on many other factors such as the method of introducina the refini™. . f^? of themettmo 

the other etemente present in the alloy which marhawaS rllSLS^^^ «5 dispersion In the liquid metal, 
lions, for example such as cooling fate. ^ ^ restricting effects {e.g. 2n, Cu), or solidification oondl- 

I0019I The as-cast grain size Is measured on a polished sample observed between crossed oolars which ha« 
dergone a Barke.'s etch. TTie Inlereept method described In ASTM E 1382 la us^ ^ 
100201 The process according to the Invention comprises casting a product (e g a billet or an in»a») in .h 
cast grain size Is controlled at between 300 and 800 um. wher^M the normal L^^^Jt l^- 1 .® 

a reduction In the elongation properties and the resistance to stress coiresion: WW easting and 

[00211 The cast ingots are homogenized at a temperature araatar than ^sA«n ...^ _^ .. 

s=rprran-£^^^ 

Stp?o5J^,?iXrfrt'SS'^o '^'^ ««« mlcroatructure of 

wrought products fy^Jti^r^in^S^S^ S^SLSjSITI^'T '"^^ 
by a geometrical transfonnatlon taZ« •T*- JU^^ • . ■ '^'"'f''*^^ »^ form a networit of a dimension related 

Wximate^chs^cSSe???^^ JSS oJ^s Ia^^^^^ ^""^ geometry can be 

trf such a grain consists of anTnSrJpSte "e^lScJ ff r2;SS ^ "^^ ^^^^'y 

the heart of reoystallized areasraJd p^hSl^ « SSn S f!j ^T!' Precipitates are observed at 

Precipitates is mTrs homogenous i^J Jel^^tgr^n s^^^^^^ r^crystaO^atloh. TN, distribution of these 

JSS^ra«SrJp"i SrSTc:^^^ 'T"^ - - - the product failure 

£0024] The products accordng to the inv©nllon can be used advantaaeoush/ as thiHr 

Eacamplog 
Example 1 

^^5, '"l^'t-otcrosssectlonS00mmxi60ommmadeofAA70B0a,loywlth,hecompc«itiongh,enint«^^^ 
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13 



Chemical composition of alloys 


No 


Zn% 


Mg% 


CU% 


Si% 


Fe% 


Zr% 






Refinement kq/t 


1 


6.03 


1.99 


2.12 


0.027 


0.06 


0.11 


60 


5.3 


0.5 


2 


6.08 


2.10 


2.11 


0,025 


0.00 


0.11 


152 


2.1 


0.5 


3 


6.10 


2.12 


2.22 


0.028 


0.06 


0.11 


315 


2-0 


0.1 


4 


6.10 


2.12 


2.22 


a026 


0.06 


0.11 


33S 


5.1 


0.5 


5 


6.22 


2.07 


2.17 


0.027 


0.06 


0.11 


101 


2.0 


0.5 


6 


6.17 


2.05 


2.22 


0.029 


0.06 


0.11 


140 


5.0 


0.5 


7 


5.d6 


2.01 


2.17 


0.030 


0.06 


0.08 


123 


33 


0.1 


a 


5.d9 


2.08 


2.20 


0.026 


0.06 


0.11 


189 


2.0 


0.1 



as 



ao 



as 



40 



49 



60 



55 



[0026] Refining was cione using ATSB rod, except for casting 6 which was refined with AT3B rod. 
[0027] Samples were taken from the as-caet Ingots at a quarter of the thickness and a third of the width for measuring 
the grain 8iza< and test pieces were taken from the same iocetion and wers homogenized at 478^0 for 20 h. with a 
heat-up in12 h. The test pisces were hot worked at 430^C. They were quenched in water, either at 1 00°C at a cooling 
rate of 4.5^C/8 to simulate industrleJ quenching of thick piates, or at 20*C. and were then solution heat treated for 3 h 
at 478*C and stress relieved by compression in the ST direction with 1 .5% deformation. They were then artificially 
aged in two steps of 6 h at 1 20*C and ^en 21 h at 1 65*'C. Two tensile test pieces in the TL direction and two toughness 
test pieces with B » 12.7 mm (so-called Short Bar Specimens for the determination of , as descrtsed In Metals 
Handbook, ^ edition, Vol 8 "Mechanical Tdstln^, p. 471 . published by the American Society for Metals. Metals Parte. 
Ohio), in the T-L direction, were taken from the deformed part of each test piece. The resun of the vartous measurements 
is given In table 2. 

Tabke2 



PropertjoB of test pieces 


No 


As-cast grain size 
[urn] 


TYSslow 
quenching [MPa] 
(NOTE1) 


KsbSiow 
quenching 
[MPaVml (NOTE 
1) 


TVS fast quenching 
[MPa] (NOTE 2) 


K,^ fast quenching 
IMPaVm] (NOTE 2) 


1 


600 


435 


32.6 


462 


43.6 


2 


250 


434 


26.0 


476 


34.3 


3 


240 


447 


25.6 


483 


33.6 


4 


150 


447 


23.0 


482 


33.2 


5 


350 


436 


27.7 


476 


35.5 


6 


260 


440 


25.3 


47S 


, 35.8 


7 


260 


444 


26.4 


475 


35.2 


8 


270 


449 


28.7 


476 


35.2 


■jKj 
water 

N 

20 


OTE 1 : refers to mechanical propdrties measured at room temperature on test pieces quenched In boiling 
OTE 2 r refers to mechanical proportjds measured at room temperaturB on test pieces quenched in water at 



[0028] The toughness results es a function of the grain size are shown in fig. 1 . There is a clearly defined correlation 
between these values. It is also ddar that there Is no correistion of tensile yield strength with as cast grain size, and 
thus the identification of a mean of improving toughness of a given atlpy composition with no loss in strength. 
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Example 2: 

TWO fndu8tr1al-8cale casts of ingots of dlmensjon 600 mm (ST) x 1600 mm <LT) x 3000 mm (L) of 7050 alloy 
Wdre perfomied: the first coirdsponding to q control specimen, the second to a composition according to the preserrt 
"1^^*!?": * ® practically identicai except for the refining practices, which were In both oases by addition 

of 0^ kgrt of ATBB rod. but for plates A and B Into an alloy containing a total of 0.0326% Tl, plates C and D a total of 
0.0138% Ti. 

[00301 From each of these two casts, two ingots were selected for transfonnatlon to 152 mm (6») employing an 
Identical standard plate fabrication route, including homogeni^atlon. pre-heating. hot rolling, solution heat treatment 
and cold water quenching, stretching, and aging to the T7451 condition; 

t00311 The compositions and mechanical propeitles of plates A and B {prior art) and C and D (invention^ sre ore* 
sented as tables 3 and 4 respectively. Plain strain fracture toughness was detemilned according to ASTM i 399 
(0032] Ail the plates shew practioariy identjcal strengths but significant differences In fracture toughness (see also 
figune 2). Irnprovements in fracture toughness are observed in alt three testing directions. The most significant Improve- 
ments are observed In the S^L and T-L directions (respectively + 4.5 and ^ 4.3 MPaVm on averagejTbut a significant 
Improvement is also observed In the L-T direction (+2.6 MPaVm on average). signincam 

Tabled 











Connpositlons of alloys for example 2. 










Plates 


Si 


Fe 


Cu 


Mn 


Mg 


Cr ^ 


Ni 


Zn 


TI 


Zr 


Pb 


AandB 


0*039 


0.070 


2.16 


0.008 


2.04 


0.007 


0.004 


6.23 


0.033 


0.110 


0.001 


C andD 


0.033 


0.060 


2.10 


0.006 


2.07 


0.004 


0.005 


6.10 


0.014 


0.106 


0.001 



30 



as 



40 



45 



30 
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Table 4 



Propeitles of plates for example 2. 


Tensile le^Uni 


J 




Toughness testing 


Plate 


Ohentation 


UTS fMPa] 


TYS [MPa} 


Elongation [%} 


Orientation 


tMPa>/m] 


A (prior art) 


L 


505 


441 


9.2 


L-T 


28.6 




LT 


611 


433 


r.7 


T-L 


25.1 


j B (prior art) 


ST 


492 


412 


7.B 


S-L 


26.0 




L 


513 


452 


6.8 


L-T 


29.4 




LT 


514 


436 


7.0 


T-L 


24.3 




ST 


soo 


424 


6.6 


6-L 


27.3 


C (Invention) 


L 


600 


437 


9.9 


L-T 


32.6 




LT 


508 


429 


7.8 


T-L 


29.3 




ST 


490 


414 


7.1 


S-L 


31.5 


D (invention) 


L 


502 


437 


9.6 


L-T 


30.7 




LT 


51 0 


433 


6.7 


T-L 


28.6 




ST 


489 


407 


7.0- 


S-L 


30.7 



Example 3 : rmage analv ste of racfvataltized structures 

H« ® «tetributton or recrystanized zones In wrought products according to the present invention is character, 
isttea^f dftrerent from that in classlcai 7050 thicfe products. As can be observ«j m i\nurs S(obZt^^r.l^^^ 

la ger thanihat of prior art (test piece n,imber 4 in Table 2). This can be quantined by image ai^lysls of eVchedS? 
K^l^X, iilf that generates eootrast in the unrecystalll^ed region, can be^"S (^^ c? etS^ 
Kellers etoh). The app««ch used i, described sche««tically In figure 4. For lines random J placed in tSe tSJeSon 



PAGE 22(3ll'RCVDAT9l21l2m 3:33:55PM [Eastern DaylightTine]'SVR:USPW 



SEP-21-2004 15:39 



CONNOLLY BGUE LODGE &HUTZ 



2022936229 P . 23/30 



EP1 188068A1 



TO 
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20 



of A micrograph obtained In tha L-ST plane. Individual intercept distances between reciystallized regions are nneaeured 
(see intercei^t 1 , inKercept 2. intercept 3, intercept 4 in figure 4). A stable and representativo mean of such fntoicepts 
is obtained for several thousand measurements, and ttils mean is taken to be the average Intencept distance. 
[0034] IVpical average Intercept distances are presented as table 5 for products considered In example 1 . A graphical 
represematlon of these results is presented as figure 3. It is clear that this psrameter is well correlalad to fracture 
toughness. Higher values of this average Intercept give higher T-L toughnesses. Values greater than 250 pm, or pref- 
erably 300 or even 350 pm, are characteristic of the improved product. 

[0035] It Is clear that greater hot reductions will tend to elongate the structure to a greater extent in the L direction. 
However, the higher recrystalllzatlon rates typical of greater hot reductions will tend to compensate for the increased 
stretching of the microstructure in the L direction. It appears that in general, for plate thiolcer than approximately 100 
mm, Intercept distances greaterthan 250 pm> or preferably 300 or even 360 pm, willghre improved toughness compared 
with conventional piste. 

Table 5 



Typicar average intercept distances for the products considered in example 1 . 


Product no. 


Average Intercept distance (pin] 


values 


1 (Invention) 


384 


32^ 


2 (prior art) 


207 


26 


4 (prior art) 


160 


23 


6 (Invention) 


343 


27.7 


6 (prior art) 


222 


25^ 


7 (prior an) 


200 


26.4 


8 (invention) 


253 


28.7 



SO 



3S 



Claims 

1 . Rolled, forged or extruded aluminum alJoy product more than 1 2 mm thick* heat treated by solutlonizlng. quenching 
and anificial aging, having a fraction of reorystalllzed gnalns measured between one^uarter thidcness and mld- 
thlckness of the final wrought product smaller than 35% by volume, and a characteristic Intercept distance between 
recrysialiized areae greater Chan 250 pm. 

2, The product according to claim 1 , wherein the charactaristic intercept distance between recrystailized sneas is 
greater than 300 pm 

^ 3« The product according to claim 2» wherein the characteristic Intercept distance behwen recrystailized areas is 
greater than 350 ^m 

4. The product according to clainifi 1 to 4, charaeterieed in that it Is made of an AlZnMgCu alfoy with the following 
composition (weight %); 

Zn : 4-1 0 Mg : 1 -4 Cu : 1 .3.5 Cr < 0.3 Zr < 0.3 Si < 0.5 Fe < 0.5, 

Other elements > 0.05 each and < 0,15 total, the remainder being aluminum. 

5. The product according to claim 4. wherein the alloy is selected from 701 0, 7020. 7040, 7049. 7050, 7055. 7060, 
7075, 7149. 7150. 7175, 7349. 7449. 7476. 



ff5 



SO 



6. The product according to claims 1 to 5, having a Ti content between 0.01 and 0.03 weight % and a B corttent 
between 1 and 1 0 pg/g. 

7. The product according to claim 6, having a Ti content between 0.01 and 0.02 weight %. 
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«, Mefhcid for inanufaoturing a hdat-treatable aluminum airoy product comprising: 

- castind the alloy in the form of a rolling, forging or dxtrusion ingot, such that the grain size Is keot between 
250 \im and 800 ixm, 

s • homogenization, 

hot transformation at a controlled teinpereture to obtain a ffBctlon of recryatallized grains measured between 
the quarter and half thBlcness of less than 35% by volume. 

- solution heat treating, 

- quenching. 

10 - possibly stress relaxation by controlled deforniaton (tension or comoression) 

' artificiBi aging. 

9. The method according to claim 8 , wherein the aHoy is an AlZnIVIgCu ailoy with the following composition (weight %) : 

Zn : 4-10 Mg : 1-4 Cu : 1-3.5 Cr < 0,3 2r < 0.3 SI < 0,5 Fe < 0.5. 
other eiemems > 0.06 eaoh and < 0.15 total, the remainoer being aluminum, 

ao 10, The method acoonXng to claims 8 or 9, wherein the Tl content Is beMreen 0.01 and 0.03 weight % and B between 
1 and 10|ig/g. 

11. The method according to claim 10, wherein the Tl oontent is between 6.01 and 0.02 weight %. 

2S ia. Ingot for rolling, forging or extrusion, made of a haat-treatable aluminum alloy having an as-cast grain size kept 
between 250 |im and BOO jot, which is suitable for the manufacture of wrought products for aircraft structuml 
members. 

^ 13- ingot according to daim 12. wherein the alloy Is an AlZnMgCu alloy with the following composition (% by weight): 

Zn : 4-10 Mg : 1^ Cu rl-3.5 Cr < 0.3 Zk' < 0.3 Si < 0.5 Pe < 0.5 Tl: 

^ 0.01-0.03 B : 1-10 ppm, Other elements > o.OS each and O.lfi total, the remainder being aluminum, 

iTi ^ wherein the alloy is selected from the group of 701 0, 7020. 7040. 7049, 7050 7055 

7060, 7075. 7149, 7150, 7175. 734d. 7449. 7475, ... /w>5, 
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15, Structural member for airframe struotures. made In a rolled, forged or extruded product according to daim 1. 
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Toughness as a fimction of as-cast grain size. 
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Schematic Illustration of the i^proach used to quantify the charaoteristxc intercept 
distance between recrsytallized zones for the products described above* 
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